Results: We identified and screened 386 unique articles, of which 127 fulltext articles were assessed; one provided no qualitative results, 62 involved no human study, 25 did not consider acute tolerance within dose, and 13 failed to provide data on both ascending and descending BAC. We extracted data from the 26 remaining articles. The studies were highly heterogeneous. Most were small, examining a total of 770 subjects, of whom 564 received alcohol and were analyzed in groups of median size 10 (range 5-38). Subjects were often young white men, sometimes subdivided on the basis of drinking or family history. Doses of alcohol and rates of administration differed. Performance was assessed by at least 26 different methods, some of which measured many variables. We examined only results of studies which compared results for a given alcohol concentration (C) measured on the ascending limb (Cup) and the descending limb (Cdown) of the BAC, whether in paired or parallel-group studies. When subjects were given alcohol in more than one session, we F o r P e e r R e v i e w O n l y considered results from the first session only. Rating at Cdown was better than at Cup for some measures, as expected if the Mellanby effect were operating. For example, subjects rated themselves less intoxicated on the descending limb than at the same concentration on the ascending limb in 12/13 trials including 229 subjects that gave statistically significant results. In 9 trials with a total of 139 subjects, mean difference could be calculated; weighted for study size, it was 29% [range 24%-74%]. Willingness to drive was significantly greater in 4 of 6 studies including a total of 105 subjects; weighted mean difference increased by 207% [range 79-300%] . By contrast, measure of driving ability in three groups of a total of 200 trials in 57 subjects showed worse performance by a weighted mean of 96% [range 3-566%] . In three trials that tested inhibitory control (cued go or no-go response times), weighted mean performance was 30% [range 14-65%] worse on the descending limb.
Conclusion: The 'Mellanby effect' has been demonstrated for subjective intoxication and willingness to drive, both of which are more affected at a stated ethanol concentration when BAC is rising than at the same concentration when BAC is falling. By contrast, objective measures of skills necessary for safe driving, such as response to inhibitory cues and skills measured on driving simulators, were generally worse on the descending part of the BAC-time curve for the same BAC. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
Abstract
Objective: To review the evidence for 'the Mellanby effect,' that is, that the response to a given blood alcohol concentration (BAC) is more marked when BAC is rising than at the same concentration when BAC is falling.
Methods: We systematically searched the databases EMBASE, Medline, and Scopus up to and including December 2016 using text words 'tolerance,' 'ascending,' 'descending' or 'Mellanby' with Medline term 'exp *alcohol/' or 'exp *drinking behavior/' or equivalent. Articles were identified for further examination by title or abstract; full text articles were retained for analysis if they dealt with acute (within dose) alcohol tolerance in human subjects and provided quantitative data on both the ascending and descending parts of the BAC-time curve. Reference lists of identified works were scanned for other potentially relevant material. We extracted and analyzed data on the subjective and objective assessment of alcohol effects.
Results: We identified and screened 386 unique articles, of which 127 full-text articles were assessed; one provided no qualitative results, 62 involved no human study, 25 did not consider acute tolerance within dose, and 13 failed to provide data on both ascending and descending BAC. We extracted data from the 26 remaining articles. The studies were highly heterogeneous. Most were small, examining a total of 770 subjects, of whom 564 received alcohol and were analyzed in groups of median size 10 (range 5-38). Subjects were often young white men, sometimes subdivided on the basis of drinking or family history. Doses of alcohol and rates of administration differed. Performance was assessed by at least 26 different methods, some of which measured many variables. We examined only results of studies which compared results for a given alcohol concentration (C) measured on the ascending limb (C up ) and the descending limb (C down ) of the BAC, whether in paired or parallel-group studies. When subjects were given alcohol in more than one session, we considered results from the first session only.
Rating at C down was better than at C up for some measures, as expected if the Mellanby effect were operating. For example, subjects rated themselves less intoxicated on the descending limb than at the same concentration on the ascending limb in 12/13 trials including 229 subjects that gave statistically significant results. In 9 trials with a total of 139 subjects, mean difference could be calculated; weighted for study size, it was 29% [range 24%-74%]. Willingness to drive was significantly greater in 4 of 6 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
Introduction
Ethanol (ethyl alcohol, 'alcohol') impairs cerebral function in a dose-dependent manner, at least at concentrations above a threshold of 50 mg/dL (0.050 g/dL) (1) (2). However, the relationship between blood alcohol concentration and cerebral function can be affected by prior alcohol exposure, as suggested by the apparent tolerance of chronic drinkers to very high concentrations (3).
The 'Mellanby effect' (4) or 'Mellanby phenomenon' (5) is the 'The purported phenomenon that the magnitude of behavioural impairment associated with a given blood alcohol concentration (BAC) is greater during a rising BAC than during a falling BAC.' The behavioural impairment may be objective (observed by others) or subjective (experienced by the drinker). In this context, the term 'acute tolerance' refers specifically to tolerance occurring within one session. (5) Dr. (afterwards Sir) Edward Mellanby himself conducted a series of studies of alcohol absorption and elimination during the First World War. (6) Mellanby studied four fasted dogs ('Brown, Large Black, Small Black, White'), and administered various amounts (20-55 mL, equivalent to 1.5--3.3 g/kg) of alcohol via oro-esophageal tube over several trials. He drew blood for BAC determination at 0.5, 1, 1.5, 2.5 hours, and then at 2-hour intervals after alcohol administration thereafter. He determined BAC by the potassium dichromate reduction method. He reported that alcohol peaked quite rapidly after consumption; that the BAC was proportional to the amount consumed; that consumption with milk inhibited intoxication by delaying GI absorption; and that dogs metabolize alcohol slowly, at a rate independent of the BAC (zero order kinetics). Mellanby noted the peak BAC ranged from 153-530 mm 3 /100 g blood (128 mg/dL to 445 mg/dL), and found a metabolic rate (15.7 mg/dL/hour) very similar 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w  O  n  l  y   3 to the average rate in humans. He also disproved a belief common at the time that gulping all alcohol at once would produce less intoxication than would sipping the same amount over a longer period.
Mellanby noted the difficulty assessing intoxication in dogs, because he was only able to use gross motor abnormalities as evidence of acute intoxication. These consisted of observations of scraping of the toe-nails on the floor while walking in the early stages of intoxication, hind leg weakness (most evident while standing still), and a 'rolling gait'; progressing to stumbling, difficulty getting up again after falling, and peaking with complete inability to walk and collapsing. These observed signs of intoxication disappeared about 2 hours after administration, and only lethargy and disinterest in the environment remained, with all other objective signs being normal. Using these observations, he was able to determine the BAC at which obvious intoxication occurred, and noted the intoxication was only observable on the ascending limb of the BAC-time curve. On the descending limb, when the same alcohol concentration was reached, the dogs appeared relatively normal. He postulated that the central nervous system was most affected initially by the 'sudden attack of the alcohol', or that the 'nervous system may re-learn to co-ordinate its activities after being under the alcoholic influence.' (6) (7)
Mellanby was well aware of the difficulties of determining the degree of intoxication in dogs, and of extrapolating his results to humans. In 1920 he presented the results of a further experiment, in which one (unidentified) man was asked to copy a drawing repeatedly after drinking '300 c.c. of [Imperial] proof spirit diluted to 900 c.c,' that is, approximately 170 mL pure ethanol (equivalent to approximately 10 standard drinks). (8) The changes in his ability to repeat the drawing varied with intoxication, but no conclusions could be drawn from an experiment with only one subject.
Here we consider the evidence that human subjects develop acute tolerance to the effects of alcohol, so that psychomotor impairment is greater at a given BAC when the concentration is rising ('the ascending limb of the alcohol curve') than at the same concentration when it is falling (the 'descending limb'). This postulated phenomenon of acute tolerance has been commonly referred to as the 'Mellanby Effect', but Sir Edward Mellanby, MD never referred to it as such.
Methods
We systematically searched the databases EMBASE, Medline, and Scopus from 1946 up to and including December 2016, using text words 'tolerance,' 'ascending,' 'descending' or 'Mellanby' with Medline term 'exp *alcohol/' or 'exp *drinking behavior/' or equivalent. We scanned reference lists of identified manuscripts meeting the criteria for other potentially relevant material. We identified articles for analyze data on the subjective and objective assessment of alcohol effects, we manually reviewed each eligible paper, extracted the data, and converted all recorded changes into percentage difference between ascending and descending limb. Due to the heterogeneity, meta-analysis could not be performed, but the data are presented in summary form as the attached table of the 26 eligible manuscripts. For the 'Mellanby Effect' of acute within-dose tolerance to be operating, the rating or measurement at C down would have to be more nearly unimpaired (i.e., more sober) than at C up .
Results
The database search identified an initial 386 unique articles. These were screened by title and abstract looking for objective measures in humans, and 127 full-text articles met this inclusion criterion and were read by the investigators. Of these 127, one provided no quantitative results, 62 involved no human study, 27 did not consider acute tolerance within dose, and 13 failed to provide data on both ascending and descending BAC. The remaining 26 articles were analyzed (9) (10) (11) (12) (13) (34) . In addition, there were three articles containing information on trial subjects from two of these studies (35) (36) (37) .
The 26 studies we examined are listed in Table 3 . The same subjects on both the ascending limb (C up ) and the descending limb (C down ) of the BAC-time curve were examined in 23, and there were 3 parallelgroup studies (16) (19) (25) in which one group was examined on the ascending limb and another on the descending limb.
Researchers assessed the subjective state, cognitive function, and motor abilities by at least 26 different methods, some of which (e.g. simulated driving performance) measured many variables. These methods covered the five outcome domains described by Jongen (38). [ Table 1 ]. The studies were highly heterogeneous, and most studies were small, with a median of only 10 subjects per group [range 5-56], and a total of 770 subjects. Study subjects were usually young white men, sometimes subdivided on the basis of drinking habits or family history, or both. Doses of alcohol and rates of administration differed.
All effects seen were dependent on each subject's prior drinking history and the degree of intoxication. This wide diversity among studies regarding ethanol dose, number of subjects, and experimental tests precluded us from performing a meta-analysis.
In most relevant studies, subjects rated themselves less intoxicated on the descending limb than at the same concentration on the ascending limb of the blood ethanol concentration-time curve, as expected if the Mellanby effect were operating. For example, considering those trials that gave statistically significant results: in 19 trials in 12 studies (9) (12) (13) (14) (17) (21) (22) (23) (24) (30) (33) (34) of a total of 229 subjects, the mean difference, weighted for study size, in the 9 trials providing numerical data, was 29% [range 24%-74%] less intoxicated subjectively. In four studies (9) (21) (30) (33), examining a total of 105 subjects, willingness to drive increased significantly in 4 of 6 trials. Weighted mean improvement in 52 subjects was 207% [range 79-300%]: that is, they were three times as willing to drive on the descending limb. By contrast, measure of driving ability in three groups of a total of 200 trials in 57 subjects (21) (30), showed worse performance by a weighted mean of 96% [range 3-566%]. In three trials (24) (25) (28) testing inhibitory control (cued go/no-go tests), weighted mean performance was 30% [range 14-65%] worse on the descending limb.
In some studies, minor objective measures showed improvement at C down compared with C up . The time for a maze task improved by a mean of 11% (13); and for a peg-board task improved by 71% (24).
Arithmetic ability improved by 10% to 18% (18) abstraction by 21%, and attempts at abstraction by 182% (19). Results for several domains were inconsistent between studies.
Importantly, measure of driving ability such as lane deviation, line crossing, and speed deviations or excesses showed statistically significant deterioration on the descending limb. Three groups of a total of 200 trials on 57 subjects (21) (30), showed worse performance by a weighted mean of 96% [range 3-566%].
Discussion
Sir Edward Mellanby's observations on four dogs and one man, perhaps coupled with the subjective experiences of those investigators who had themselves drunk alcohol, have for nearly a century led to the view that the effects of a given BAC are dependent not only on the absolute value but also whether it is increasing or decreasing. We have systematically reviewed the evidence for the Mellanby effect. We may have failed to find relevant studies, or have excluded them from analysis. However, we have considered both the references identified by our search and the reference lists of the papers relevant to our review.
Firm conclusions are hampered by the relatively small number of studies, and the experimental difficulties. The optimal experimental design is uncertain, because repetition on the descending limb of a test already administered on the ascending limb inevitably introduces a possibility of short-term training effects. Prior training sessions and placebo studies help to mitigate this. Alternatively, parallelgroup studies are possible. However, these are relatively insensitive, and therefore demand large groups for statistically robust results. The analysis of placebo-controlled studies is also complex; some authors have been meticulous in presenting detailed analyses of variance or co-variance, while failing to present tables of the measurements from which they are derived, so that absolute effect size cannot be estimated. In several studies, the measures of performance were only presented as graphs. The experimental studies may be difficult to generalize to real-world experience. Study subjects are demographically quite uniform-often young white men, and commonly college students. Some have personal or family histories of heavy drinking, which may be relevant factors in determining the responses. For example, results differed between groups considered 'at-risk' and 'non-risk' of alcoholrelated disease (15). In addition, the pattern of drinking and the amount of alcohol consumed during studies probably differed substantially from real life conditions. In some studies, tests were repeated after an interval of some days, sometimes more than once, to examine 'sub-acute' tolerance. In those cases, we examined evidence only for the first study of such a series. Doses of ethanol differed substantially between studies, from 0.135 mg/kg (18) to 1.16 g/kg (32). Ethanol was administered (34) . In addition, due to obvious safety concerns, most studies used a target peak BAC near 80 mg/dL, which is the limit above which driving is illegal in the United Kingdom and the USA. Mellanby observed dogs with BACs mainly in the range of 300-450 mg/dL, much higher than examined in modern human experiments. It is unknown whether a 'Mellanby Effect' may be more easily demonstrable in humans when descending from these very high BACs. No experiments have tested this, and there are safety concerns for study subjects at these high BACs.
Some clear results have emerged from our review, in spite of the difficulties in interpreting the measurements from widely differing tests under many different conditions. The Mellanby effect was statistically significant and in favour of feeling more sober on the descending limb in 12 of 19 trials of the subjective feeling of intoxication, with only one result-after intravenous alcohol (34)-being statistically significant and in favour of subjectively feeling more drunk. The willingness to drive at a given BAC is twice as great on the descending limb as on the ascending limb, in parallel with the subjects feeling less drunk. The implication is that subjects almost always feel soberer on the descending limb, and therefore feel it is safer to drive. By contrast, the ability to drive, as judged by measures made during simulated driving, does not improve on the descending limb; it deteriorates substantially, with twice as many faults on the descending limb as on the ascending limb. The inevitable conclusion is that drivers who have taken alcoholic drinks contributing around 0.65-1 gram ethanol/kg bodyweight (which is 52-80 g in an 80 kg person, roughly equivalent to 3½-6 US standard drinks of 14 g each) and who are beginning to sober up are dangerous because their belief that they are less intoxicated is contradicted by a continued decline in driving skills.
The mechanism by which acute tolerance occurs is less clear. Neither breath nor blood alcohol concentrations reflect the instantaneous concentration at the site of action, presumed to be GABA A receptors in the central nervous system, and perhaps additional neuronal pathways (40). The disappearance of subjective effects could therefore be due to more rapid clearance of ethanol from the site of action than from the sampling site. However, this is unlikely to be the explanation, at least in rats (40). Kaplan et al gave a loading dose of oral ethanol to six male human subjects, followed by readministration every 30 minutes to keep breath ethanol concentrations in the range of 80-100 mg/dL over the next six hours. They showed that even at steady state there is acute tolerance to the effects of alcohol on word recall; but no tolerance to measures of standing steadiness (body sway) or ability to maintain a simulated airplane on a centreline (41). Two more recent studies utilized an ethanol clamp in which an IV ethanol load followed by a steady-state infusion produced nearly constant BACs for the study period, allowing the development of acute tolerance at constant BAC to be studied over time.
Hendershot et al studied 88 young heavy drinkers (average age 19.8 years) who were given an intravenous load of ethanol sufficient to produce a BAC of 80 mg/dL in 20 minutes, followed by a steadystate infusion for 80 minutes to maintain the same BAC. They found response inhibition to a 'go/no go' test worsened as BAC rose, and continued to deteriorate during the steady-state phase (42). Zoethout et al studied 6 male and 6 female subjects aged 18-39 years. They gave a rapid infusion of ethanol over ten minutes, followed by a variable-rate infusion to maintain a BAC of 60 mg/dL for 5 hours. They found some parameters (visual analogue scale alertness, visual tracking, and body sway) fluctuated during the plateau phase, despite constant BrAC values. However, smooth pursuit eye movements remained impaired during the steady state (43). Interestingly, these constant BAC experiments failed to show acute tolerance to subjective feelings of intoxication, suggesting that changes in ethanol concentration, rather than absolute blood concentrations, determine subjective drunkenness. This makes sense logically, since as BACs rise, subjects feel increasing intoxication relative to when they started drinking, and as BACs fall, subjects notice a diminution of subjective intoxication as the time since peak BAC increases. For psychometric tests of performance, Schweizer and Vogel-Sprott argued that alcohol had a differential effect on reaction time, which is substantially improved on the descending limb compared with the ascending limb; and on accuracy, which is impaired to the same extent on both-what they term 'acute protracted errors. ' (44) . From this, they argue that alcohol may affect brain hemispheres differently, a hypothesis that has not yet been verified experimentally.
Conclusion
The so-called 'Mellanby effect' is most firmly established for subjective feelings of intoxication. Subjects feel less drunk and more able to drive during the descending limb of the BAC-time curve than at the same concentration of alcohol on the ascending limb. Since the effect is not seen when BAC is held constant, it may well be related to the rate and direction of change in BAC, rather than the development of acute tolerance to the drug effect.
Objective measures of impairment, especially those involving skills necessary for safe driving and those measured on driving simulators were generally worse during the descending limb for the same BAC.
Slowed reaction times may recover somewhat during the descending limb, but accuracy falls. When these decrements are combined with a perceived improvement in ability to drive and a loss of inhibitory It appears then, that these objective tests are likely to be more robust than a person's own perception.
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